INTRODUCTION
Numerous publications have emphasized the beneficial role of Mg-ATP infusion in various models of shock or severe trauma in animals. Dysfunction of heart (1), kidney (2), muscle (3), endothelial (4) and immune cells (5, 6) are all improved by this treatment, which significantly increases the survival rate. Because such a benefit was independent of hemodynamic status (4,7), a metabolic mechanism was proposed (8) . Since the liver plays a central role in the metabolic response to such severe illnesses it may represent a major target for Mg-ATP (9, 10) .
It is well known that purinergic receptor activation is responsible for a large variety of metabolic effects (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . ATP or adenosine or several analogues of purinergic-receptors have been noted to affect liver glucose metabolism: i.e. stimulation of glycogenolysis (12,13), increase (19, 25, 26) or decrease (11) of gluconeogenesis and decrease of glycolysis (25).
These effects have been related either to a cAMP dependent mechanism (12), a cAMPindependent inositol 3-phosphate/calcium mediated signaling (13, 14, 16, 18, 21, 23) , a phospholipase-C activation (18) or to a transcriptional effect (25). It must be noted however that if some effects are shared amongst the adenine nucleotide family, others appear to be specific (12, 14, 18) suggesting that different signaling pathways may be involved.
Since the beneficial effects were observed in vivo with Mg-ATP but not with adenosine (8, 27) , we investigated the metabolic effects of exogenous Mg-ATP in rat liver cells perifused with DHA 1 . Besides a significant effect on oxidative phosphorylation and on Exogenous ATP and DHA metabolism, Ichai et al, revised version 9 4.80, 9.60 mM) as indicated. Each of the successive steady states was obtained after 20 min, then both perifusate and cell samples were taken for subsequent analysis. The steady state was always confirmed by stable values of glucose, lactate and pyruvate in three successive perifusate samples taken at one minute intervals. Since these three values were always very close they have been averaged. Proteins in the perifusate were denatured by heating the samples (80°C for ten minutes) before centrifugation (36). Glucose, lactate and pyruvate were measured in the perifusate and DHAP; glucose 6-phosphate; fructose 6-phosphate; 3-phosphoglycerate and PEP were measured in the cellular fraction as described previously (31) (32) (33) (34) (35) . The net fluxes (µmoles/min/g dry cells) of gluconeogenesis (J glucose ), glycolysis (J lactate+pyruvate ) and DHA metabolism (J DHA ), were calculated from the total cell content of the perifusion chamber, the perifusate flow rate and the concentration of glucose, lacate and pyruvate in the perifusate. All determinations were made by enzymatic procedures (37) with either spectrophotometric or fluorometric determination of NADH.
The effects of addition of exogenous Mg-ATP on cytosolic and mitochondrial adenine nucleotide content were studied in similar steady state conditions as described above for the time course effect of Mg-ATP. After a first steady state in the presence of DHA (9.6 mM), Mg-ATP was added (100 µM) and at 5, 10, 15, 20 and 30 minutes, cells were taken from the chamber for intracellular and mitochondrial nucleotide determinations. Experiments were performed with or without Mg-ATP. Samples of cell suspension were quickly removed from the chamber and cellular content was separated from the extracellular medium by centrifugation of the cell suspension through a layer of silicone oil as described previously Figure 1A ) and lactate-plus-pyruvate ( Figure 1B) production. The effect on gluconeogenesis was fast and completely reversible since inhibition of glucose production was maximal after 20 minutes and returned to control values 10 minutes after cessation of infusion. Conversely, the inhibitory effect of exogenous Mg-ATP on lactate-plus-pyruvate production was much less reversible since 40 minutes after cessation of Mg-ATP infusion some inhibition was still present. It must be noted that inhibition of DHA metabolism was detected with as little as 10 micromolar Mg-ATP while the maximal effect was obtained with 50 µM (data not shown). B it appears that Mg-ATP had a slight effect on the relationship between glucose 6-phosphate or fructose 6-phosphate and glucose production. Such an effect is probably located at the glucose 6-phosphatase step since there is no effect on the phosphoglucoisomerase, which is close to equilibrium in this condition (see Figure 4C , (31)). Figure 4D shows the relationships between the cellular concentrations of DHAP and that of fructose 6-phosphate, permitting the investigation of the fructose 1,6-bisphosphatase/phosphofructokinase step. It is assumed that both aldolase and triose phosphate isomerase work near equilibrium (31, 42) , therefore DHAP concentration probably reflects the fructose 1,6-bisphosphate free concentration. From Figure   4D it appears that Mg-ATP affected this step: in both groups the values of fructose 6- Using the perifusion method, the kinetics of pyruvate kinase can be directly assessed in intact cells by measuring the relationships between PEP concentration and pyruvate flux at several rates and under true steady state conditions. In these conditions, where lactate and pyruvate are continuously rinsed out, pyruvate kinase flux (J pyruvate kinase ) can be evaluated by the net production of lactate-plus-pyruvate. Although the classical sigmoid shape appears in control cells ( Figure 5A ), the kinetics of pyruvate kinase were profoundly affected by Mg-ATP, the relationship being no longer of allosteric type but hyperbolic, the apparent Vmax being decreased by half ( Figure 5A ). In rat liver cells, PEP is present in both cytosol and mitochondrial matrix, while the substrate for pyruvate kinase is the cytosolic intermediate (43) . Determination of 3-phosphoglycerate, a purely cytosolic intermediate in equilibrium
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with cytosolic PEP (43, 44) , further confirms that Mg-ATP affected the pyruvate kinase (
Figure 5B). Given this large effect of exogenous Mg-ATP observed in vivo on pyruvate kinase, we determined its activity in vitro after extraction and partial purification from liver cells exposed or not to Mg-ATP (table 1) . These results show that Mg-ATP was responsible for a significant decrease of v/Vmax both in non-purified and purified enzyme extracts while Vmax was not different.
Effect of Mg-ATP on liver cell respiration, redox state and ATP-to-ADP ratios.
The addition of exogenous Mg-ATP was responsible for a significant decrease in oxygen consumption rate in the presence of saturating DHA concentration: 20.9±1.1 versus 15.9±0.4
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µmol O 2 /min/g dry cells respectively for controls and Mg-ATP (p<0.01, n = 6 in each group).
The steps located between DHAP and PEP are believed to be at a near equilibrium state with cytosolic redox state and ATP-to-ADP ratio (31, 42, 45) . Therefore the relationship between DHAP and PEP concentrations is dependent on the potential effect of Mg-ATP on both redox state and cytosolic ATP-to-ADP ratio. As shown on Figure 6 , this relationship was affected by Mg-ATP: for a given concentration of PEP, DHAP increased twofold. The change in the ratio of PEP-to-DHAP could be the consequence of a change in phosphate and/or redox potentials. Figure 7 shows the relationship between lactate-to-pyruvate ratio, a metabolic indicator of cytosolic redox state (46) , and the flux through pyruvate kinase. The relationship in the presence of exogenous Mg-ATP was shifted to the right (p<0.01) indicating a more reduced cytosolic redox state. Infusion of exogenous Mg-ATP may also affect cytosolic phosphate potential and subsequently the ratio between PEP and DHAP. Table 2 shows cytosolic and mitochondrial ATP, ADP, total nucleotide (ATP+ADP+AMP) as well as ATPto-ADP ratio. In the cytosol, exogenous Mg-ATP was responsible for an increase in total nucleotide content (p<0.01) due to an increase in both ATP (p<0.02) and ADP (p<0.01). But ADP increase was larger than that of ATP, leading to a significant lowering of ATP-to-ADP ratio (p<0.05). In the mitochondrial matrix, exogenous Mg-ATP was also responsible for an increase in the total adenine nucleotide pool (p<0.01). ADP level increased (p<0.01) while ATP content decreased (p<0.01), resulting in a decrease in the ATP-to-ADP ratio (p<0.01). Considering the pathway between DHAP and glucose production, it appears that exogenous Mg-ATP is responsible for a minor effect at the level of glucose/glucose 6-phosphate cycle ( Figure 4A ) while the main effect is located at the fructose 6-phosphate/fructose 1,6-bisphophate step (Figures 4C & D) . A cAMP dependentphosphorylation has been reported to inhibit 6-phosphofructo-1-kinase (47) but this enzyme is not very active in hepatocytes from fasted rats (48) . On the other hand, fructose 1,6-bisphosphatase can be activated by a c-AMP dependent phosphorylation (49) . Nevertheless such effects of cAMP-related phosphorylation on 6-phosphofructo-1-kinase or on fructose 1,6-bisphosphatase seems to have a minor functional impact (48) , and it is believed that fructose 2,6-bisphosphate is the main regulator via changes in the bifunctional enzyme: 6-phosphofructo 2-kinase/fructose 2,6-bisphosphatase (50). Bartrons et al have reported that adenosine as well as adenosine-analogue 2-chloroadenosine were responsible for a decrease in fructose 2,6-bisphosphate due to an activation of fructose 2,6-bisphosphatase by adenylate cyclase activation and cAMP rise (12). Both adenosine and 2-chloroadenosine increase cAMP and decrease fructose 2,6-bisphosphate, but adenosine was responsible for a decreased rate of gluconeogenesis while 2-chloroadenosine increases it (12). Adenosine is responsible for an inhibition of gluconeogenesis (11, 12, 20, 22) at the level of fructose cycling. Hence our results might support the view that the effect of exogenous Mg-ATP on gluconeogenesis from DHA are similar to, if not mediated by, the effect of adenosine as was suggested by Asensi et al (11) . The most striking finding of this work is a significant decrease of lactate-plus-pyruvate production resulting from a potent inhibition of pyruvate kinase. Cytosolic adenine nucleotides are potent regulators of glycolysis, but given the decrease in cytosolic ATP-to-ADP ratio following exogenous Mg-ATP, an activation of glycolysis would actually have been predicted (32, 34, 35) . The increased cytosolic NADH/NAD ratio as shown by the increased lactate-to-pyruvate ratio ( Figure 7 ) could theoretically account, at least partly, for such an inhibition of lactate-plus-pyruvate production. But in the presence of Mg-ATP, the relationship between PEP and lactate-plus-pyruvate production reached a plateau indicating a clear saturation of the substrate PEP ( Figure 5A ). Hence the Mg-ATP inhibitory effect of lactate-plus-pyruvate production cannot be explained by a decrease in PEP concentration.
Thus it can be concluded that acute administration of exogenous Mg-ATP strongly decreases the apparent Vmax of pyruvate kinase when determined in vivo in intact cells. It has already been reported that Mg-ATP was responsible for a decrease in pyruvate kinase activity in vivo but this was observed 4 hours after exogenous Mg-ATP administration and was related to a transcriptional effect (25). In our experiments the effect was observed after a few minutes, indicating that another mechanism must be involved.
The second striking finding of the present work is related to the fact that the change in apparent maximal velocity of pyruvate kinase was found only when determined in vivo but not in vitro after enzyme extraction and partial purification. This indicates that the amount of 
